Introduction {#Sec1}
============

Hepatocellular carcinoma (HCC) is the fifth type of cancer in patients with chronic liver disease and cirrhosis and the second cause of death in cancer patients^[@CR1]^. There are nearly 800,000 deaths annually due to HCC^[@CR2]^, and the HCC\'s prevalence has gradually increased over the past decade^[@CR3]^. Cancer treatment can involve surgical intervention, radiation, chemotherapy, targeted therapy and/or other therapies^[@CR4]^. Despite the extreme efforts to treat HCC effectively, side effects are involved, such as immunodeficiency, cell damage, and neurological, renal, and cardiac toxicity^[@CR5]--[@CR7]^. Currently, the pharmaceutical industry and research are focused on developing and applying new strategies to lower the side effects and enhance the economic value^[@CR8],[@CR9]^. Therefore, finding and developing natural products-derived anticancer drugs with good efficacy and low toxicity^[@CR10],[@CR11]^ from different sources such as essential oils^[@CR12],[@CR13]^, certain types of mushrooms^[@CR14]^ or even plant crude extracts^[@CR15],[@CR16]^ are very crucial.

Microbial metabolites are among the most important natural cancer chemotherapeutics^[@CR17]^. With actinomycin discovery, they began to appear around 1940, and since then, most anticancer compounds have been derived from natural sources^[@CR18]^. More than 60 percent of the existing compounds with antineoplastic activities are initially either identified from or inspired by natural compounds and their derivatives^[@CR19]^. Bacteria are the greatest producers of bioactive products and thus of immense importance for the drugs discovery^[@CR20]^. Marine pharmacology is a new discipline that explores the potential pharmaceutical products that originated in the marine world. In the last two decades, extensive screening of marine compounds and their antivirals^[@CR21]^, antibacterial^[@CR22]^, antifungal^[@CR23]^, antiparasitic^[@CR24]^, antitumor^[@CR25]^, and anti-inflammatory^[@CR26]^ activities have been reported. Systematic studies of various soda lakes have shown that microorganisms, which thrive in these areas, are adapted to the extreme pH and salt conditions, many of which are alkaliphilic and halophilic or extremely halotolerant, and many represent separate alkaliphilic lines within the recognized taxa. El-Hamra Lake, Wadi El-Natrun (Egypt) has a high water salinity (300 g/L) and pH 10.0. In both saline and alkaline conditions, haloalkaliphilic bacteria can be present and the preliminary results prompted the identification of the metabolites produced by alkaliphilic bacteria^[@CR27]^. Marine bacteria have genes such as PKS (polyketides) and NRPS (natural products) that are characteristic of secondary metabolite production. *Halomonas* strains from a marine origin may generate siderophores (low molecular weight Fe^3+^ chelating molecules) and loihichelins^[@CR28]^. The progression of gastric adenocarcinoma cell lines (HM02), hepatocellular carcinoma (HepG2) and breast cancer (MCF-7) has been inhibited by apoptosis initiation and cell cycle arrest when treated with marine-derived *Halomonas* sp*.* (GWS-BW-H8hM strain)^[@CR29],[@CR30]^. However, to the best of our knowledge, the novel strain has not been studied yet. Consequently, the characterization of bioactive compounds and evaluation of the possible anticancer potential of the bacterial extract against the HepG2 cell line were warranted.

Results {#Sec2}
=======

Identification of bacterial strain {#Sec3}
----------------------------------

Morphological investigations showed two isolates of gram-negative short motile rods. Full-length 16S rRNA (about 1,500 bp) was sequenced and deposited under GenBank accession numbers (KT223026) for *H.* HA1 isolate. The isolated *H.* HA1 16S rRNA sequence showed 99% similarity with the 16S rRNA gene sequence of *Halomonas denitrificans* BC7. However, the isolated strain is closer to *Halomonas nitroreducens* evolutionary group (Fig. [1](#Fig1){ref-type="fig"}).Figure 1The phylogenetic tree based on 16 s rRNA sequences constructed by the neighbor-joining method, showing the position of strain HA1 and representatives of some related taxa.

LC--MS-MS and NMR fraction analyses of H. HA1 extract {#Sec4}
-----------------------------------------------------

The molecular networking of metabolome mass profile for the species *Halomonas* sp.HA1 was screened and exhibited in 67 parent ions (nodes) (Fig. [2](#Fig2){ref-type="fig"}).Figure 2Molecular network of 67 parent ions produced from *Halomonas* sp. HA1. The fuchsia nodes indicate to the whole molecular weights that have unique detected peaks in the molecular network. The green Nodes represent parent ions that are identified from the molecular networking database as they have been already isolated before. The yellow nodes indicate some identified compounds but with wrong precursor parent ions so they should not be recognized.

The number of nodes was considered an indication of the unique peaks. Compounds with related molecular weight and shared class grouped together to form a cluster. Four clusters are noticed with some chemically related identified compounds. From the 67 nodes only 15 parent ions within the molecular network matched 15 known standards from the molecular networking database but three of them in the yellow nodes \[M+H\]^+^ (*m/z;* 200.128, 228.164 and 393.265) have wrong precursor parent ions, so their identification can't be considered (Fig. [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}).Table 1The parent and the fragments' masses of the identified compounds compared with that of the standards from the molecular networking database.Compound namePrecursor mass (m/z)Database fragmentsIdentified fragmentsCyclo-(L-pro-L-val)197.064179.12, 169.14, 152.11, 141.14, 124.12 and 70.07--Ile-Pro211.06--183.128, 138.125, 114.102, 98.065, 86.105 and 70.064Cyclo-\[L-(4-hydroxy-Pro)-L-leu\]227.058199.15, 181.14, 153.15, 136.12 and 86.08--Cyclo-(Leu-Leu)227.115----Cyclo (Pro-Phe)245.042217.69, 120.03 and 70.79154.100, 120.10 and 70.064Palmitamide256.21----Pro-Tyr261.038243.06, 233.09, 215.04, 135.92, 119.94 and 85.94187.183, 120.085 and 86.0569-Octadecenamide282.205265.27, 247.30, 149.10 and 135.13--C17-Sphinganine288.218----Hexanedioic acid, bis(2-ethylhexyl) ester371.135----Surfactin C141,022.48909.46, 891.41, 86e3.38, 685.37, 667.44, 582.31, 554.33 and 441.23-Surfactin C151,036.521,018.47, 923.58, 905.42, 877.39, 808.44, 792.44, 695.38, 685.37, 667.35, 596.41, 554.27 and 441.24923.574, 685.500, 596.445, 483.382, 441.298, 326.238, 272.167 and 86.088

Six identified dipeptides (Ile-Pro, cyclo-(L-pro-L-val), cyclo-(Pro-Phe), Pro-Tyr, cyclo-(Leu-Leu) and cyclo-\[L-(4-hydroxy-Pro)-L-leu\]) with \[M + H\]^+^ (211.06, 197.064, 245.042, 261.038, 227.115 and 227.058) respectively are clustered together (Fig. [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). Palmitamide and 9-octadecenamide with \[M + H\]^+^ (256.21 and 282.205) (Fig. [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}), are two identified fatty acid amides produced as endogenous substances. One sphingolipid (aminodiol) that is C17-sphinganine with *m/z* 288.218 \[M+H\]^+^ (Fig. [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}), was isolated from different fungus species^[@CR31]^. C17-sphingolipid identified as mycotoxin (C17-SAMT) analog exerted potent toxicity in different assays^[@CR32],[@CR33]^**.** The most potent identified compounds were two biosurfactants (Surfactin C14 and surfactin C15) with *m/z* 1,022.48 and 1,036.52 \[M+H\]^+^ (Fig. [S1](#MOESM1){ref-type="media"}).

The parent ion masses fragmentation data for Surfactin C15 and Surfactin C14 from the molecular networking database were compared (Figs. [S1](#MOESM1){ref-type="media"},[S2](#MOESM2){ref-type="media"}).

Surfactin C15 parent ion fragmentations are recognized from MS/MS chromatogram and the fragment with \[M+H\]^+^ *m/z* 685.500 represents the base peak ion (Fig. [S3](#MOESM3){ref-type="media"}).

Surfactin C15 fragmentation mechanism in the positive ion mode starts by loss of fragment ion \[M+\]^+^ *m/z* 113.13 and C~8~H~17~^•^ then continuous cleavage of different peptide bonds and loss of different amino acid fragments to reach the last fragment with \[M+H\]^+^ (*m/z* 85.09) and molecular formula C~5~H~11~N~2~^**·**^ (Fig. [S4](#MOESM4){ref-type="media"}).

Anticancer activities {#Sec5}
---------------------

### Cytotoxicity on HepG2 cells {#Sec6}

The bacterial extract has been examined for their anticancer activity against HepG2 cell line using MTT assay. Results, as shown in Fig. [3](#Fig3){ref-type="fig"}, reflected a strong cytotoxic potential of the extract with 68 ± 1.8 μg/mL maximal inhibitory concentration (IC~50~).Figure 3The cytotoxic effect of the *H.* HA1 extract on HepG2 using MTT assay after 24 h. Incubation with serial concentrations of the extract showed a potent anticancer effect with an IC~50~: 68 ± 1.8 µg/mL. Data were represented as (Mean ± SD) of three different experiments (n = 3). *H.* HA1: *Halomonas.* HA1.

Assessment of morphological changes in HepG2 {#Sec7}
--------------------------------------------

Results of the inverted phase-contrast examination demonstrated the remarkable anticancer potentials as evidenced by cellular shrinkage and irregular cell shapes following bacterial extract treatments in a dose-dependent manner when compared with control groups (Fig. [4](#Fig4){ref-type="fig"}).Figure 4Representative photomicrographs of control and treated HepG2 cells after 24 h. Cellular morphological alterations and detached cells were observed by phase contrast light inverted microscope (Olympus IMT-2, Japan). *H.* HA1: *Halomonas.* HA1; Cisplatin (3 µg/mL).

Furthermore, AO/EB staining revealed cytoplasmic vacuolation, membrane blebbing and irregular nuclear morphology as hallmarks of apoptosis and cell death. The records of abnormal morphology were significant (*P* \< 0.05) with *H.* HA1 extract incubations compared to control HepG2 cells (Fig. [5](#Fig5){ref-type="fig"}).Figure 5Representative photomicrographs of cellular alterations in untreated and treated HepG2 cells after 24 h of different incubations. Observable decrease in viability of cells and increased morphological alterations towards apoptosis induction such as membrane blebbing (white arrows) were noticed after acridine orange/ethidium bromide (AO/EB) double fluorescent labeling (**A**). Data represent the means of three independent experiments; bars, standard deviation and a: significant (*P* \< 0.05) with respect to the control (**B**). *H.* HA1: *Halomonas.* HA1; Cisplatin (3 µg/mL).

Flow cytometric analysis of cell cycle distribution {#Sec8}
---------------------------------------------------

Cell cycle analysis revealed significant (*P* \< 0.05) G~2~/M cell cycle arrest in *H.* HA1 crude extract-treated HepG2 cells (Fig. [6](#Fig6){ref-type="fig"}A). Results showed remarkable accumulation of G~2~/M populations in treated cells with 18.42 and 24.18% for 20 and 40 µg/mL respectively when compared to 13.45% in untreated cells. However, cisplatin induced significant (*P* \< 0.05) apoptosis particularly in S phase when compared with untreated cells (Fig. [6](#Fig6){ref-type="fig"}B).Figure 6Effect of different concentrations of *H.* HA1 crude extract incubation for 24 h on cell cycle distribution of treated and control HepG2 cells. The cell cycle phases were analyzed according to DNA content as evaluated after propidium iodide (PI) labeling (**B**). Data represent means of three different experiments; bars, standard deviation; and a, significant increase (*P* \< 0.05) relative to untreated cells (**A**). *H.* HA1: *Halomonas.* HA1; Cisplatin (3 µg/mL).

Immunocytochemical assessment of apoptosis and proliferation-related proteins {#Sec9}
-----------------------------------------------------------------------------

Changes in protein expression of P53, CASP-3, and BAX/BCL-2 ratio were examined in treated cells and controls. Results revealed that *H.* HA1 extract induced apoptosis as confirmed by P53 and CASP-3 significant (*P* \< 0.05) up-regulation of protein expression. The evaluated immunocytochemical reactivities showed an increase of \~ 5 and 8 folds, in P53 protein level, for 20 and 40 µg/mL respectively, relative to the control. The level of CASP-3 (procaspase-3) protein was increased by \~ 11 and 6 folds, for 20 and 40 µg/mL respectively, when compared to untreated cells. Moreover, BAX/BCL-2 ratio exhibited a significant (*P* \< 0.05) concentration-dependent elevation when compared to the control confirming that the induction of apoptosis was via the intrinsic mitochondrial pathway (Fig. [7](#Fig7){ref-type="fig"}). However, PCNA, a nuclear proliferating marker, showed a significant (*P* \< 0.05) down-regulation in *H.* HA1 (7.3 and 15.7% for 20 and 40 µg/mL, respectively) and cisplatin-treated cells (13.7%) when compared with the untreated group (91.7%).Figure 7Effects of crude extract incubation for 24 h on the positively stained cells in control and treated HepG2 cells. Increased percentage of P53, CASP-3 positive immuno-reactive cells and elevated BAX/BCL-2 ratio as well as decreased levels of PCNA were noticed in treated cells. Data represent means of five different fields; bars, standard deviation; and a, significant (*P* \< 0.05) relative to untreated cells. *H.* HA1: *Halomonas.* HA1; Cisplatin (3 µg/mL).

Altered mRNA expression of apoptosis markers {#Sec10}
--------------------------------------------

The apoptotic effect of *H.* HA1 crude extract on HepG2 was confirmed by apoptosis-related genes expression. The mRNA expression was quantified by qRT-PCR for *P53*, *CASP-3*, *BAX* and *BCL-2* genes in the control and treated cells. Results of *P53* and *CASP-3* showed significant up-regulation among *H.* HA1 treated cells (\~ 6 and 2.5 folds, for 20 and 40 µg/mL respectively). *BAX/BCL-2* ratio exhibited a significant (*P* \< 0.05) elevation with *H.* HA1 crude extract treatment (\~ 0.95 and 1.2 folds, for 20 and 40 µg/mL, respectively) compared to the untreated control. These results suggest that *H.* HA1 extract induced apoptosis in HepG2 cells via the intrinsic mitochondrial pathway. The lower concentration of *H.* HA1 (20 µg/mL) was more potent in apoptosis induction than the higher one (Fig. [8](#Fig8){ref-type="fig"}).Figure 8Effect of *H.* HA1 crude extract on relative mRNA alterations of *P53, CASP-3* and *BAX*/*BCL-2*. Data (means of three experiments) were standardized to the level of GAPDH mRNA and expressed as fold-induction relative to the control mRNA levels. Bars, standard deviation and a: significant (*P* \< 0.05) compared to untreated cells. *H.* HA1: *Halomonas.* HA1; Cisplatin (3 µg/mL).

Effect of the extract on normal human peripheral lymphocytes {#Sec11}
------------------------------------------------------------

### Assessment of cytotoxicity on normal HPBL {#Sec12}

HPBLs were treated with *H.* HA1 crude extract for 24 h. Trypan blue exclusion method (Fig. [9](#Fig9){ref-type="fig"}) and AO/EB dual fluorescent staining (Fig. [10](#Fig10){ref-type="fig"}) were performed. Results revealed low cytotoxicity and morphological changes among extract-treated groups compared to higher toxicity of mitomycin C-treated cells (Figs. [9](#Fig9){ref-type="fig"}, [10](#Fig10){ref-type="fig"}B).Figure 9Effect on HPBL after incubation with various concentrations of *H.* HA1 extract, for 24 h. Cells were stained with trypan blue (TB) for cytotoxicity assessment. Data were represented as Mean ± SD of three independent experiments (n = 3). Bars, standard deviation and a: significant (*P* \< 0.05) compared to the untreated cells. *H.* HA1: *Halomonas.* HA1; Mitomycin C (0.5 µg/mL).Figure 10Effect on HPBL after incubation with various concentrations of HL extract, for 24 h. Cells were labeled with AO/EB fluorescent staining for cell death (**A**). Data were represented as Mean ± SD of three independent experiments (**B**). Bars, standard deviation and a: significant (*P* \< 0.05) compared to the untreated cells (n = 3). *H.* HA1: *Halomonas.* HA1; Mitomycin C (0.5 µg/mL).

### Assessment of DNA single-strand breaks (comet assay) {#Sec13}

For DNA single-strand breaks assessment in normal cells, HPBLs were treated with *H.* HA1 crude extract for 24 h. The comet assay was carried out (Fig. [11](#Fig11){ref-type="fig"}A). Results revealed significant (*P* \< 0.05) genotoxic effect with high concentration (40 µg/mL) of *H.* HA1 extract as well as mitomycin C-treated group when compared to control cells (Fig. [11](#Fig11){ref-type="fig"}B).Figure 11Effect of *H.* HA1 extract on DNA single-strand breaks (alkaline comet assay) in HepG2 cells stained with ethidium bromide (**A**). Data were represented as Mean ± SD of three independent experiments (**B**). Bars, standard deviation and a: significant (*P* \< 0.05) compared to the untreated cells (n = 3). *H.* HA1: *Halomonas.* HA1; Mitomycin C (0.5 µg/mL).

Discussion {#Sec14}
==========

Currently, natural product extracts are considered to be the most promising source of new drugs for cancer^[@CR34]^. Several studies have indicated the advantages of marine flora and fauna extracts in combating cancer and a number of other diseases^[@CR35]--[@CR37]^. Bacteria are the greatest producers of bioactive natural products and are of immense importance for drug discovery^[@CR20]^. In this study, the newly identified strain of bacteria *Halomonas* sp*.* HA1 was investigated for its anticancer potential against HepG2 cells. In agreement with some earlier studies on some microbial extracts, the results clearly indicated that the crude extract of *Halomonas* sp*.* HA1 showed a significant anticancer effect on HepG2 cells associated with decreased viability and morphological alterations of the treated cells leading eventually to cell death^[@CR29],[@CR30],[@CR38]^. To investigate the pro-apoptotic pathway of *H.* HA1 bacterial extract, the changes in apoptosis regulatory genes upon applying the extract on HepG2 cells were evaluated.

Apoptosis is a process involving alterations in the expression of an array of genes. BCL-2 family plays a crucial role in apoptosis regulation^[@CR39]^. However, one of the early apoptosis hallmark changes is a reduction in mitochondrial membrane potential. The potential decrease of the mitochondrial membrane found as a result of mitochondrial membrane depolarization indicated the mitochondrial damage. Another factor in the process of mitochondrial apoptosis pathway after mitochondrial membrane destruction is the release of pro-apoptotic protein factors from the mitochondria^[@CR40]^.

In the present study, *BAX/BCL-2*, *CASP-3* (as a procaspase-3) and *P53* were assessed at the transcriptional and protein levels. The ratio of *BAX/BCL-2* mRNA expression recorded a significant increase as well as *CASP-3* and *P53* up-regulation in treated HepG2 cells. It is well-known that BAX is up-regulated by P53 protein while BCL-2 protein expression is down-regulated by P53^[@CR41]^. P53 is a nuclear transcriptional factor that usually is activated in apoptosis by regulating numerous down-stream effectors^[@CR42]^. Over-expression of BAX (pro-apoptotic protein)^[@CR43]^ and inhibition of BCL-2 protein expression can speed up cell apoptosis. Apoptosis can be induced by P53-mitochondrial localization in a transcription-independent manner^[@CR44],[@CR45]^ or by induction of endoplasmic reticulum stress to prevent P53-dependent apoptosis via the glycogen synthase kinase-3β pathway^[@CR46]^. The expression profile of *H.* HA1 extract indicated the P53-dependant mitochondrial apoptotic pathway. These results are in agreement with Ruiz-Ruiz et al.^[@CR47]^, suggesting the anti-proliferative effect of the novel halophilic *Halomonas* sp. extract. The results of CASP-3 expression profile exhibted caspase-dependent apoptosis. However, due to the elevated toxicity and stress of the higher concentration of the extract, treated cells may tend to undergo apoptosis via caspase-independent pathway^[@CR48]^ owned to the processes of autophagy, endoplasmic reticulum stress or mitotic catastrophe^[@CR49]^. Further, the different biological and technical factors, such as transcriptional or post-translational alterations as well as a long half-life of some proteins, can affect the association between mRNA expression and the level of proteins^[@CR50]^. The treatments may cause internal cellular dysfunctions which lead to the degradation of mRNA molecules faster than the protein ones^[@CR51]^. Although the cleaved caspase-3 has not been assessed in this study, the morphological apoptotic features such as membrane blebbing, loss of membrane integrity, nuclear fragmentation and elevated BAX/BCL-2 ratio suggested the occurrence of apoptosis^[@CR52]^. Moreover, the loss of membrane integrity, confirmed by AO/EB labeling, is a late event in apoptosis. Caspase-3 is one of the death substrates that serve as an effector in apoptosis inducing phosphatidylserine (PS) externalization, shrinkage of cell, membrane blebbing, and DNA fragmentation by cleaving^[@CR53],[@CR54]^. In the absence of caspase-3, the cells morphological features were impaired^[@CR55]^ and cytochrome *c* release was also delayed^[@CR56]^. Due to apoptosis induction, the decreased value of CASP-3 protein in the higher concentration of the extract may be due to the increase of the expected cleavage process occurred in the procaspase-3 protein. However, the CASP-3 cleavage assessment is needed in the future studies. Collectively, the explanation of the different transcriptional level of CASP-3 in comparison to its protein level as well as the decreased levels of up-regulated P53 and CASP-3 in the higher concentration-treated cells could be proved.

Moreover, the analysis of cell cycle distribution revealed accumulations of sub-G~0~ (apoptotic cells) and significant G~2~/M arrest in addition to the down-expression of PCNA (proliferating-cell nuclear antigen) protein. The expression of PCNA protein regulates the cell cycle and promotes apoptosis in fetal and neonatal mouse ovaries^[@CR57]^. Further, the arrest of G~2~/M phase may enable damaged cells to undergo apoptosis^[@CR58]^. However, cisplatin-induced arrest in sub-G~0~ and S phases (DNA synthesis) eventually led to DNA damage and apoptosis^[@CR59]^. The down-regulation of PCNA, the anti-proliferative effects and the cell cycle arrest are key players of the apoptotic cascade.

The results suggested the anti-proliferative and apoptotic effects of *Halomonas* sp*.* HA1 extract can be attributed to the secondary metabolites identified by LC--MS-MS and NMR analysis of *Halomonas* sp*.* HA1 extract. However, sphinganine is the backbone precursor of sphingolipids^[@CR60]^. Sphingolipids are produced in most eukaryotic cells but rarely in prokaryotes, which possess only glycerol-based phospholipids in their membrane^[@CR61]^. However, a few isolated bacterial species produce sphingolipids^[@CR62]--[@CR64]^. A previous study reported that, both cyclic dipeptides cyclo-(prolyltyrosyl) and cyclo-(prolylphenylalanyl) isolated from *Bacillus* spp*.* showed potential anticancer activity^[@CR65]^. Another study showed that a CDP mix composed of cyclo-(L-Pro-L-Tyr), cyclo-(L-Pro-L-Val), and cyclo-(L-Pro-L-Phe), isolated from the *P. aeruginosa* PAO1 strain, exhibited anticancer activity in HeLa and Caco-2 cell lines^[@CR66]^. In another study cyclo-(-Pro-Tyr) exhibited anticancer and anti-proliferative activity against HepG2 cell lines^[@CR67]^. A previous study has proven the anticancer activity of 1, 2-Benzenedicarboxylic acid, bis (2-ethylhexyl) ester on PC3, MCF, HCT-116, A549, and MIAPACA cell lines^[@CR68]^. Surfactin biosynthesis occurs in many natural microorganisms i.e. *Bacillus pumilus*, *B. mojavensis*, *B. circulans*, *B. natto*, *and B. amyloliquefaciens*^[@CR69]^; *B. safensis* F4 and *B. subtilis* strains^[@CR70],[@CR71]^. It exhibits powerful therapeutic activities i.e. antimicrobial, antimycoplasma, antiviral, anti-inflammatory, antibacterial and antitumor^[@CR10],[@CR70],[@CR72]--[@CR75]^. Additionally, it is widely applicable environmentally in biopesticides, food processing, pharmaceuticals, cosmetics and oil recovery^[@CR76]--[@CR78]^.

In fact, surfactin mediated a forceful anticancer activity on various cancer cell lines. It showed anti-proliferative potentials on human breast cancer cells (MCF-7)^[@CR79]^, cervical cancer (HeLa) and hepatoma (Bel-7402)^[@CR80]^. An in vivo anticancer activities of surfactin on mice ascites tumors were also reported^[@CR81]^. It also inhibited the growth of LoVo colon cancer cells, with IC~50~ of 26 µM at 48 h^[@CR82]^. The anticancer activity of surfactin is attributed to its amphiphilic nature. Lipopeptides including surfactin exert cytotoxicity on cancer cells with different IC~50~ depending on the length of fatty acid chains^[@CR80]^. Therefore, surfactin C15 should exhibit higher anticancer activity than surfactin C14 and it is supposed to be responsible for the anticancer activity of the extract.

In conclusion, we reported for the first time that, *Halomonas* sp*.* HA1 extract has a potent anticancer activity on HepG2 cells via anti-proliferative and apoptotic potentials. Surfactin C14 and Surfactin C15, biosurfactants, were identified in *Halomonas* sp*.* HA1 extract by LC--MS-MS and NMR analyses. However, further in vivo studies are needed to investigate the metabolism and the impact of biotransformation on the efficacy of *H.* HA1 extract\'s active constituents as anticancer agents.

Methods {#Sec15}
=======

Isolation of haloalkaliphilic bacteria {#Sec16}
--------------------------------------

Water samples were collected from El-Hamra Lake in Wadi El-Natrun, Egypt where the pH was 10.0 and water salinity was 300 g/L. Halophile growth medium (HGM) was prepared according to Dorn et al.^[@CR83]^, and pH 9 was adjusted using NaHCO~3~. The media were supplemented with 3 M NaCl and 2.0 mL 10% (w/v) yeast extract per liter. The water sample was added to HGM media with 1:10 (v/v) and incubated at 30 °C for 48 h. Two more successive culturing were carried out using 50 µL of diluted culture spread on an agar plate of the same media. Single colonies were plated on new agar plates with the same media for biochemical characterization.

Phylogenetic analysis of the 16S ribosomal RNA gene {#Sec17}
---------------------------------------------------

Genomic DNA was extracted from the pure culture using GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific, US). PCR amplification of the 16S rRNA gene carried out using Bact 27f. (5′-AGAGTTTGATC (A/C)-TGGCTCAG-3′), Bact 1492r (5′-TACGG(C/T)-ACCTTGTTACGACTT-3′), and Bact 1098r (5′-AAGGGTTGCGCTCGTTGCG-3′)^[@CR84]^. Using a 3,100 Genetic Analyzer (Applied Biosystems, US), the amplified products were sequenced according to the manufacturer's protocols. The obtained sequence of 16S rRNA gene was compared using the BLASTN program against the nucleotide sequences collection (nr/nt) database, available at the National Center for Biotechnology Information website (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>). Phylogenetic tree relative to high scoring BLASTP hits was performed using the (MEGA 7.0.26) software.

The complete sequence of 1, 2 CDG of Halomonas was isolated using universal primer UDOG: (5′-ATGACTGTTAAAATTTATGACACCCCTGAAG-3′) and reversal primer RDOG: (5′-TTATGGACGCGCTTGCAGCTC-3′). Primers were designed according to sequence alignment of 1, 2 DOG NCBI database sequences. The PCR conditions were 94 °C for 30 s, 60 °C 30 s and 72 °C for 1 min. Using a 3100 Genetic Analyzer (Applied Biosystems, US), PCR products were sequenced following the manufacturer's protocols. The obtained sequence of 16S rRNA gene was compared using the BLASTN program against the nucleotide sequences collection database, available at the NCBI website (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>). The phylogenetic tree relative to high scoring BLASTP hits was performed using the (MEGA 7.0.26) software.

Preparation of crude extract {#Sec18}
----------------------------

The bacterial isolate was cultured in (HGM) medium and incubated in shaker incubator 100 rpm at 30 °C for 72 h. The culture medium was centrifuged at 6,500 rpm for 20 min. The supernatant was collected and filtered through a 0.45 µm sterile membrane. Ethyl acetate was added to culture filtrate (1:1) and stirred at 130 rpm for 12 h. the ethyl acetate phase on the upper part of the culture was removed and followed by vacuum evaporation to obtain the dry extracts by vacuum rotary evaporator 40 °C^[@CR85]^. Crude extracts produced were stored at − 20 °C for further investigations.

Characterization of bacterial extract using NMR and LC--MS-MS {#Sec19}
-------------------------------------------------------------

Generally, 1H and 13C NMR spectra were recorded on a Bruker DRX 600 spectrometer at 600.1 and at 150.9 MHz, respectively, at 25 °C using CD3OD as the solvent. All chemical shifts are expressed relative to TMS^[@CR86]^.

For the LC--MS analysis the crude extract was dissolved in 50% acetonitrile (ACN), 0.1% formic acid (FA). The samples were injected by syringe through a PicoTip emittor at 0.3 µL/min connected to a Q-Tof Micro (Waters, Milford, Massachusetts, US) with the voltage set at 1.4 kV. The analysis was carried out in positive ion mode and linear gradient from 10% (v/v) H~2~O to 99% (v/v) ACN in 0.1% (v/v) FA at a flow rate of 0.3 µL/min over 75 min. The analysis was followed by LC/MS--MS via dissolved 0.1 mg/mL in LC--MS solvent: 60% MeCN in 0.1% FA with a linear gradient ranging from 10--60% (v/v) MeCN in 0.1% (v/v) FA at a flow rate of 0.3 mL/min over 75 min. The capillary temperature was set at 220 °C and the spray voltage at 4 kV^[@CR87]^.

Biological investigations {#Sec20}
-------------------------

The effect of the extract was evaluated against hepatocellular carcinoma (HepG2) cell line as well as the normal human peripheral lymphocytes (HPBL) in vitro. The study was approved and followed the Institutional Ethical Committee guidelines at Faculty of Science, Menoufia University, Egypt (MUFS-F-GE-4-20).

Anticancer activities {#Sec21}
---------------------

### Maintenance of HepG2 cell line {#Sec22}

Hepatocellular carcinoma (HepG2) cell line was acquired from VACSERA, Giza, Egypt. The concentration of cells per milliliter was determined using a hemocytometer and calculated using the following equation:$$\documentclass[12pt]{minimal}
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The cell line was maintained and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were incubated in a humidified 5% CO~2~ atmosphere at 37 °C in T25 culture flasks at a density of 2 × 10^4^ cells/cm^2^. The medium in flasks was changed every 48 h. The confluency of cells was confirmed by an inverted microscope until reaching 75%. Cells were harvested after trypsinization (0.025% trypsin and 0.02% EDTA) then washed twice with phosphate-buffered saline (PBS). All experiments were done in triplicates. All reagents and media were purchased from Lonza supplier, Egypt.

Cytotoxicity on HepG2 cell line {#Sec23}
-------------------------------

To evaluate the maximal half inhibitory concentration (IC~50~), cytotoxicity of *H.* HA1 bacterial extract was carried out by microculture tetrazolium (MTT) assay method, 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide, against HepG2 cell line. Cells were seeded into 96-well plates at a plating density of 1 × 10^4^ cells/well and incubated to allow the attachment of cells prior to the addition of treatments. The bacterial extract was dissolved in dimethyl sulfoxide (DMSO) and diluted in serum-free medium. After reaching the confluency of 75%, various concentrations (0--1,000 μg/mL) of the extract were added to the cultures then incubated for 24 h. Cisplatin (3 μg/mL) was used as a positive control^[@CR46]^ and DMSO (8 μL/ mL) as negative solvent control. After 24 h, 100 μL of MTT in PBS were added to each well and incubated at 37 °C for 4 h. The formazan crystals were formed then solubilized in 100μL of acidified isopropanol and then measured the absorbance at 630 nm by using enzyme-linked immunosorbent assay (ELISA) microplate reader (Bio-RAD microplate reader, Japan). The percentages of cell inhibition were determined using the following formula:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\% \;{\text{Cell}}\;{\text{inhibition}} = \left( {{1 } - {\text{OD}}\;\left( {{\text{absorbance}}} \right)\;{\text{test}}/{\text{OD}}\;{\text{Control}}} \right) \times {1}00$$\end{document}$$

This assay was carried out in triplicate. The IC~50~ value was determined from % cell inhibition and concentration curve^[@CR88]^. For further anticancer mechanistic investigations, HepG2 cells were incubated with 20 and 40 μg/mL of bacterial extract for 24 h.

Morphological changes in HepG2 {#Sec24}
------------------------------

### Phase contrast inverted microscopy {#Sec25}

HepG2 cells were examined under the inverted Olympus BX41 microscope (Tokyo, Japan) at × 400 magnification to observe morphological alterations among treated groups.

Acridine orange/ethidium bromide (AO/EB) double fluorescent labeling {#Sec26}
--------------------------------------------------------------------

In order to investigate the altered cell structure towards apoptosis or necrosis, AO/EB staining was carried out^[@CR89]^**.** Briefly, 4 μL of treated and control cell suspensions were transferred to glass slides then they were stained with 1μL AO/ EB staining solution (100 μg/mL AO and 100 μg/mL EB). Cells were examined immediately by a fluorescent microscope (Olympus BX 41, Japan) at 400 × magnification. One hundred cells were counted per each field of randomly selected five fields.

Flow cytometric analysis of cell cycle distribution {#Sec27}
---------------------------------------------------

Cell cycle distribution and DNA content of treated cells and controls were evaluated by flow cytometry after propidium iodide (PI) labeling. After various treatments period, cells were trypsinized and washed with PBS twice and then fixed with cold ethanol (70%) for 2 h. The alcohol was entirely removed and cells were collected and washed with PBS at 1,200 rpm for 5 min. Cells were kept in PBS containing 50 μg/mL of RNase A for 2 h at 37 °C, mixed with 25 μg/mL of PI stain^[@CR90],[@CR91]^ and analyzed on a FACS flow cytometer (Becton Dickinson, US) according to the manufacturer's instructions. The analyses of cell cycle phases were performed using BD FACS Diva software. All reagents used were Sigma-Aldrich, Germany.

Immunocytochemical staining {#Sec28}
---------------------------

The immunocytochemical reactions were performed using the avidin--biotin complex immunoperoxidase technique^[@CR92]^. Control and treated cells were harvested and smeared on positive-charged slides^[@CR13]^. Slides were then processed for P53 (tumor suppressor protein), BCL-2 (anti-apoptotic protein), BAX (BCL-2 associated X protein, apoptosis regulator) and caspase-3 (pro-apoptotic protein) immune-reaction. Moreover, PCNA (proliferating-cell nuclear antigen) were also used as proliferation markers. Across five randomly selected fields, two hundred HepG2 cells were studied. As the immunocytochemical reactivity, the mean percentage of positive cells was calculated (positive cells/total number of counted cells) × 100. Cells were counted under a light microscope (Olympus BX41, Japan) at × 400 magnification. All antibodies used were Invitrogen, CA, US.

Quantitative real-time polymerase chain reaction (qPCR) {#Sec29}
-------------------------------------------------------

The qPCR was carried out in treated and control cells to assess *BCL-2*, *BAX*, *P53*, and *CASP-3* mRNA expressions. Briefly, total RNA was extracted using RNeasy Plus Minikit (Qiagen, Hilden, Germany) following the manufacturer\'s protocol. The quality of RNA was assessed by agarose gel and quantified by nanodrop (Quawell Q5000 UV--Vis Spectrophotometer, UK). For cDNA synthesis, total RNA was reverse transcribed following the manufacturer\'s instructions RevertAid H Minus Reverse Transcriptase (Thermo Fisher Scientific, US). Real-time PCR was performed using Power SYBR Master Mix (Thermo Fisher Scientific, US) on an Applied Biosystems 7500 system (Foster City, US) following the standard program of 40 cycles with 58 °C for primer annealing. Samples of cDNA were run in triplicate. All data were then normalized to the endogenous control, GAPDH, a housekeeping gene. Fold change in gene expression was calculated using the comparative threshold cycle (^ΔΔ^C~T~) method. Primer sequences and accession numbers of genes used in this study are provided in Table [2](#Tab2){ref-type="table"}.Table 2Primer sequences of genes analyzed by real-time PCR.NameAccession numberSense (5′--3′)Antisense (5′--3′)*GAPDH*NM_001289745.2GGATTTGGTCGTATTGGGGGAAGATGGTGATGGGATT*BCL-2*NM_001114735.1TACAGGCTGGCTCAGGACTATCGCAACATTTTGTAGCACTCTG*BAX*NM_001291431.1CCCGAGAGGTCTTTTTCCGAGCCAGCCCATGATGGTTCTGAT*CASP-3*NM_001354777.1GGCGCTCTGGTTTTCGTTAATCAGTTCTGTACCACGGCAGG*P53*NM_001126112.2TTCCCTGGATTGGCCAGACTGCAGGCCAACTTGTTCAGTG*GAPDH* Glyceraldehyde-3-phosphate dehydrogenase; *BCL-2* B-cell lymphoma 2; *BAX* *BCL-2*-associated X protein; *CASP-3* Caspase-3.

Cytotoxicity of the bacterial extract on normal human peripheral blood lymphocytes (HPBL) {#Sec30}
-----------------------------------------------------------------------------------------

### Cells' culture and isolation {#Sec31}

The extract toxicity was done on HPBL isolated from three male volunteers (healthy and non-smoker). Written informed consent was obtained from the three involved volunteers. Peripheral venous blood samples were collected using sterile syringes and then transferred into sterile tubes (KEMICO vacutainer, Egypt) containing K~2~-EDTA. Samples were processed for culturing in RPMI-1640 medium supplemented with 15% fetal calf serum, phytohemagglutinin (2%) and 1% (100 U/mL penicillin and 100 μg/mL streptomycin) at 37 °C and humidified 5% CO~2~ atmosphere. After 48 h of culture setup, various treatments were applied and the cultures extended for 24 h. For HPBL isolation after the treatment period, cultures were incubated with five folds of erythrocyte lysing buffer (0.015 M NH~4~C1, 1 mM NaHCO~3~, 0.l mM EDTA) for 15 min. Then, centrifugation was done for 5 min at 1,500 rpm in a cooling centrifuge (Sigma 3 K 30, Germany). The incubation was repeated until a white pellet of lymphocytes appeared^[@CR93]^. All reagents were from Lonza, Switzerland.

Trypan blue exclusion assay {#Sec32}
---------------------------

Using the 0.4 percent trypan blue (Sigma-Aldrich, Germany) solution, the HPBL cells were stained and examined immediately under a light microscope at × 200 magnification (Olympus BX41, Japan). Randomly five fields were selected and 200 cells/field were scored. Finally, cytotoxicity was calculated as follows:$$\documentclass[12pt]{minimal}
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Acridine orange/ethidium bromide (AO/EB) dual fluorescent staining {#Sec33}
------------------------------------------------------------------

The AO/EB staining was performed to investigate the viability of cells. Briefly, 4 μL of treated and control cells were stained with 1 μL stain solution AO/EB (100 μg/mL AO and 100 μg/mL EB) on glass slides and examined immediately by a fluorescent microscope (Olympus BX 41, Japan) at × 400 magnification. Randomly five fields were observed and 200 cells were counted from each. Two types of cells were observed, based on the emitted fluorescence: viable cells were green-colored cells with intact structures and late apoptotic or dead cells showed an orange-to-red color^[@CR89]^.

DNA single-strand breaks (comet assay) {#Sec34}
--------------------------------------

The alkaline single-cell gel electrophoresis (comet assay) method^[@CR94]^ was carried out to evaluate the genotoxicity on normal HPBL. Briefly, cells were suspended in low melting point agarose gel (Sigma-Aldrich, Germany) on a microscopic glass slide between two layers of ultra-pure normal melting agarose (Sigma-Aldrich, Germany). Then, slides were immersed in lysis buffer (2.5 M NaCl, 100 mM EDTA and 10 mM Tris, pH 10.0) with freshly added 1% Triton X-100 (Sigma-Aldrich, Germany) and 10% DMSO for 1 h at 4 °C. Subsequently, slides were kept in the freshly prepared alkaline buffer (300 mM NaOH and 1 mM EDTA, pH \> 13) for 20 min at 4 °C. Then, slides were electrophoresed in electric current of 25 V and 300 mA for 10 min. The slides were then immersed for 3 min in neutralizing buffer (0.4 M Tris--HCl, pH 7.5). They were stained with ethidium bromide (Sigma-Aldrich, Germany). Visualization of cells was carried out by a fluorescence microscope (Olympus BX 41, Japan), and representative images were taken. About 100 randomly selected cells were examined per one field of the total examined five fields. The results were divided as normal nuclei with no migrated tails and damaged with a migrated tail or with no distinct nucleus.

Statistical analysis {#Sec35}
--------------------

Data are reported as the mean ± standard deviation (SD). Data for multiple variable comparisons were analyzed by one-way analysis of variance. Duncan\'s test was used as a post-hoc test using the statistical package SPSS version 17.0 software to compare the significance of differences between groups (SPSS, Inc., Chicago, IL, US) and significance was considered at a probability level of *P* \< 0.05.
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NMR

:   Nuclear magnetic resonance

LC--MS--MS

:   Liquid chromatography-mass spectrophotometry

MeOH

:   Methanol

DMSO

:   Dimethyl sulphoxide

HPBL

:   Normal human peripheral lymphocytes

BCL-2

:   B-cell lymphoma-2 proteins

BAX

:   BCL-2-associated X protein
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